1. Background {#sec1-1}
=============

Extremophiles, especially those in Archaea, have a myriad of adaptations that keep their cellular proteins stable and active under the extreme conditions in which they live. Rather than having one basic set of adaptations that works for all environments, Archaea have evolved separate protein features that are customized for each environment ( [@ref1] , [@ref2] ). The evolution of tRNA in archaea is an exciting topic widely discussed in the field of molecular evolution ( [@ref3] - [@ref7] ). tRNA is a short- coding RNA charged with a corresponding amino acid and delivered into ribosome during protein biosynthesis. In archaca, there have been four types of tRNA genes identified to date: intron-less, introncontaining, split tRNA and permuted tRNA ( [@ref8] - [@ref10] ). Coding sequence for these tRNAs are separated with introns, fragmented, or permuted at the genome level. Split tRNA genes are encoded on two or three separate regions on genome and then these are processed into single tRNA gene ( [@ref11] , [@ref12] ). Intron-containing and split tRNA gene share a common structural motif called bulge-helix-bulge (BHB), or more relaxed bulge-helix-loop (BHL), at the intron/ leader- exon boundary and these are suggested to be evolutionarily interrelated ( [@ref12] - [@ref14] ).Structural motif and location of tRNA introns in archaea have been affected by the change in the recognition and activity of the different unit compositions in the tRNA splicing endonucleases ( [@ref15] ). But it is still unclear how tRNA molecules originated, evolutionary biologists continue to question how these chains of ribonucleotides became involved in the context of protein synthesis, and how they influenced the evolution of these biological system. When in the course of molecular evolution did tRNA molecule and its characteristic cloverleaf structure emerged is still an ongoing debate, however several evolutionary models representing the origin and convergence of proto- tRNA have been proposed ( [@ref4] , [@ref16] , [@ref17] ).

It has been firmly established that the genes transcribed by RNA polymerase III contains their transcriptional signals (promoters) within the coding sequence. In 5S RNA genes, a 30-base pair (bp) region seems to contain all the information necessary for correct initiation of transcription ( [@ref18] , [@ref19] ). In the VAI RNA gene of adenovirus, an internal control region, approximately 60 bp long, could be identified ( [@ref20] , [@ref21] ).

In case of tRNA genes, a more precise analysis leads to the identification of two sequences of about 10 nucleotides each, located within the coding region, whose presence is essential for transcription ( [@ref22] , [@ref23] ). The structure of tRNA is very similar in eukaryotes and prokaryotes ( [@ref24] ). All tRNA genes are transcribed by RNA polymerase III ( [@ref25] ) and it is reasonable to expect that the transcriptional signals must correspond to features common to all tRNA genes.

It is well known that tRNA plays a central role in the translation machinery and the molecular representation of the genetic code provides the mechanism to translate the genetic code from a three-base mRNA codon to the correct amino acid. Several experimental verifications led to the cloverleaf secondary structure model of tRNA known today. Throughout the translation process, it recognizes several protein and RNA molecules. What individual crystal structures are unable to provide is a sense of the embedded dynamic nature of tRNA. tRNA has an inherent flexibility that is critical for interactions with cellular proteins and its ultimate role in protein biosynthesis. All characterized tRNA species bear numerous modifications of their bases. Whereas many of these modifications have significant effects on translation. As sequence and structure are evolutionarily conserved to preserve the function of biological molecules, residues critical for function can be determined computationally prior to simulation or experiment. Increasing numbers of research groups are now applying computational methods to understand tRNA-protein interactions pertaining to components of the protein biosynthetic machinery. While crystal structures clearly reveal distortions in tRNA structure, computational methods provide additional evidence for the inherent flexibility of tRNA structure under a variety of conditions and for differing tRNA species. Of particular interest are the effects of modified nucleosides in stabilizing tRNA structure. Compared to the ease of preparing unmodified tRNA by in transcription methods, obtaining modified nucleoside for tRNA dynamics is much difficult *in vitro*. Thus computational analysis of tRNA sequences is more challenging and remains active fields in bioinformatics research. There are many hidden patterns around in genome sequences. Many sophisticated non-linear algorithms ( [@ref26] ) exist for pattern formation and recognition ( [@ref27] , [@ref28] ).

For instance, there are several computational approaches to detect tRNA genes from a genome ( [@ref29] ). To identify these on the sequences, there are number of algorithms extensively used in this field. Notable amongst these are tRNAScan-SE ( [@ref30] ) and ARAGORN ( [@ref30] ).

Most of these tRNA- search programs key on primary sequence patterns and /or secondary structures specific to tRNAs. Some of the tRNA genes are either misidentified or missed by existing search algorithms. We developed our algorithm to circumvent some of the difficulties in searching missing tRNA sequences by existing programs. Our algorithm searched for two halves of cloverleaf , 1 -37 and 38-72, from 5' and 3' end respectively, allowed maximum one non-Watson --Crick base pairing and the possibility of a single putative intron with the standard BHB structure at the exon intron boundary.

In eukaryotic tRNA genes it has been established that two separated regions with in the coding sequence of a tRNA gene are essential and sufficient for promotion of transcription ( [@ref23] , [@ref24] ).

In search of missing tRNA genes in the genome of *Metallosphaera sedula* DSM 5348, *Desulfurococcus kamchatkensis* 1221n and *Ignicoccus hospitalis* KIN4/I, we inferred from our results that the two "essential regions" of the existing tRNAs can be combined to form a tRNA which we called as hybrid tRNA.

2. Objective {#sec1-2}
============

In silico prediction of all tRNAs in a complete genome of an organism still remains an unsolved problem in the field of bioinformatics. The proper identification of tRNAs is critical for its essential role in the translation of mRNA into an amino acid sequence of a protein. So, the exploration of tRNA genes from a genome has been done with varying hypotheses in all three domain of life and has been rapidly identified in different ways in the field of bioinformatics. In eukaryotic tRNA genes, it has been established that two separated regions of the coding sequence of a tRNA gene are essential and sufficient for promotion of transcription. Our objective is to find out the two essential regions in the genome sequence which comprises two halves of the hidden tRNAs. In the present communication, we have developed a computational methodology towards genome analysis that searches for fragmented parts of a tRNA gene in widely separated coding sequences.

3. Materials and Methods {#sec1-3}
========================

The entire genome sequences were obtained from National Center for Biotechnology Information (<http://www.ncbi.nlm.nih.gov/>). In the present communication, we focused our study on three archaeal genomes namely, M. sedula DSM 5348,(GenBank accession no NC_009440), *Desulfurococcus kamchatkensis 1221n* (GenBank accession no NC_011766 ) and *Ignicoccus hospitalis KIN4/I* (GenBank accession no NC_009776).

We developed a computational approach which was aimed at searching for any type of tRNA genes and was especially focused on intron containing tRNAs (and split tRNAs) not identified by tRNAscan-SE and ARAGORN. Here we have developed a procedure for generating and optimizing pattern descriptors that can be used to find structural motifs of tRNA. We have searched two halves of cloverleaf (split at 37/38 position), structure of tRNA from 5' end and 3' end respectively and then matched the base pairing of various stems with its required length. Up to one non --Watson-Crick base pairing in any of the four stem and a one in 3D-base pairs. We also adopted the standard cloverleaf model for studying the secondary structure of predicted tDNAs with salient features that i) T8 G18,R19,R53,Y55 and A58 were considered as conserved bases for archaeal tRNAs. ii) Base positions optionally occupied in D-loop were 17,17a, 17b, 20a, 20b and 20c. iii) Extra arm or V- arm was taken into consideration. The constraint on length of V-arm was restricted to be less than 21 base. The exon-intron boundaries from a folded RNA structure, with 3nt or more nucleotide bulges on opposite strands on an RNA, separated by 4bp central helix. The inrons and split position constrained to harbor the Bulge-Helix-Bulge (BHB) secondary structure for splicing out during tRNA maturation. With these features in our algorithm, we extracted two different sets of tRNA pieces, one essential region from one tRNA and other from another tRNA. We determined the composition of a 5' half (one piece tRNA) deriving from one tDNA and the 3' half (other piece tRNA) from other tDNA from the above archaeal species. We constructed a new tRNA which we called a hybrid tRNA. Remarkably we have identified hybrid tRNA genes in the different species in the archaea.

4. Results {#sec1-4}
==========

4.1. Construction of a Hybrid tRNA ASN(GTT)- tRNA ASP(GTC) Gene {#sec4-1}
---------------------------------------------------------------

The secondary structure of all tRNA molecules requires that there must be inverted repeats in all tRNA genes. In order to investigate the influence on transcription of the overall partial self -- complementarity of a tRNA gene and in a comprehensive search of missing tRNA genes in the archaeal genome by our bioinformatics tool, we have identified a hybrid gene carrying one region from tDNA ASN(GTT) and other region from tDNA ASP (GTC) of M. sedula DSM 5348 i.e. the composition of a 5' half derived from tDNA ASN(GTT) and the 3' half from tDNA ASP(GTC) constructed a hybrid gene tRNA LEU(TAA). We now analyze in silico the secondary structure at the exon intron boundary the bulge-helix-bulge (BHB). This is illustrated in ([Fig. 1](#IJB-17-e2254-g001.tif){ref-type="fig"}). It is the conformational structure most easily recognized and processed by archaeal splicing mechanism.

![The locations and the gene sequences of the fragmented part with schematic diagrams of the tDNA ASN (GTT) and ASP (GTC) and predicted tRNA LEU (TAA) that split at 37/38 position along with the structures of the BHB motifs. Splice sites are indicated by arrows\
*Metallosphaera sedula* DSM 5348, ASN (GTT), C (2052586..2052621, 2052639..2052675), ASP (GTC), C (56542..56616), LEU (TAA), C (56543..56582, 2052637..2052675)](IJB-17-e2254-g001){#IJB-17-e2254-g001.tif}

4.2. Construction of a Hybrid tRNA ASN(GTT)- tRNA SER(GGA) Gene {#sec4-2}
---------------------------------------------------------------

A comprehensive prediction of archaeal tRNA genes remains a challenging task in the field of bioinformatics, because various types of split tRNA genes are found in archaea. In search of missing tRNA genes in *Desulfurococcus kamchatkensis 1221n* in archaea, we have detected another hybrid tRNA gene containing one essential region from tDNA ASN(GTT) and the other essential region from tDNA SER(GGA) both from the same genome. Regardless of the overall regularities of the secondary structure of tRNA genes from the bioinformatics point of view, this hybrid tRNA gene has been identified as LEU(TAA). We also analyzed the secondary structure at the exon-intron boundary i.e. the bulge-helix-bulge (BHB). This is illustrated in ([Fig. 2](#IJB-17-e2254-g002.tif){ref-type="fig"}). It is the conformational structure most easily recognized and processed by archaeal splicing mechanism.

![The locations and the gene sequences of the fragmented part with schematic diagrams of the tDNA ASN (GTT) and SER (GGA) and predicted tRNA LEU (TAA) that split at 37/38 position along with the structures of the BHB motifs. Splice sites are indicated by arrows\
*Desulfurococcus kamchatkensis* 1221n ASN (GTT), COB 1072..1231107,1231137..1231174) SER (GGA), C (1268007..1268092) LEU (TAA), C (1268008..1268052, 1231135..1231174)](IJB-17-e2254-g002){#IJB-17-e2254-g002.tif}

4.3. Construction of Hybrid tRNA ARG(TCT) -- tRNA ARG(CCT) Gene and tRNA MET(CAT) - tRNA PRO(CGG) Gene {#sec4-3}
------------------------------------------------------------------------------------------------------

Remarkably, our search algorithm identified hybrid tRNA genes GLU(TTC) and ARG(CCG) in *Ignicoccus hospitalis KIN4/I*. It has been observed that one essential region of the hybrid tRNA gene GLU(TTC) has been constructed from tDNA ARG(TCT) and the other region from ARG(CCT) as illustrated in ([Fig. 3](#IJB-17-e2254-g003.tif){ref-type="fig"}) and the ARG(CCG) hybrid gene has been constructed from the composition of a 5' half derived from tDNA MET(CAT) and the 3' half from tDNA PRO(CGG) as illustrated in ([Fig. 4](#IJB-17-e2254-g004.tif){ref-type="fig"}). In both the cases we have analyzed the secondary structure of the bulge-helix --bulge (BHB) motif at the exon- intron boundary. It is the conformational structure most easily recognized and processed by archaeal splicing mechanism.

![The locations of the tDNA ARG (TCT) and ARG (TCT) and the location and schematic diagrams of predicted tRNA GLU (TTC) that split at 37/38 position along with the structures of the BHB motifs. Splice sites are indicated by arrows\
*Ignicoccus hospitalis* KIN4/1 ARG (TCT), (498947..499024) ARG (CCT), (1134528..1134624,1134567..1134585) GLU (TTC), (498947..498984,1134587-1134620)](IJB-17-e2254-g003){#IJB-17-e2254-g003.tif}

![The locations of the tDNA MET (CAT) and PRO (CGG) and the location and schematic diagrams of predicted tRNA ARG (CCG) that split at 37/38 position along with the structures of the BHB motifs. Splice sites are indicated by arrows\
MET (CAT) (3936..4012) PRO (CGG) (539363-539477) ARG (CCG), (3965..4002, 539430..539473)](IJB-17-e2254-g004){#IJB-17-e2254-g004.tif}

5. Discussion {#sec1-5}
=============

The results of these analyses have shown that genetic information encoding functional RNAs is described in the genome cryptically. In spite of use of tRNAscan-SE along with the Split-tRNA-Search programme that led to the discovery of a variety of disrupted tRNA genes from the archaeal lineage, such as trans-spliced tRNAs(split tRNAs) joined at several positions in the cloverleaf structure ( [@ref12] - [@ref14] ) and cis-spliced tRNAs containing one or multiple introns at non-canonical positions ( [@ref31] , [@ref32] ), recently developed software has enabled the identification of additional distinct types of hybrid tRNA genes.

Although tRNAs are mostly transcribed from un- fragmented genes, but occasionally also from split genes, with separated 5′ and 3′ halves. A reanalysis of the existing data on Metallosphaera sedula DSM 5348, Desulfurococcus kamchatkensis 1221n and Ignicoccus hospitalis KIN4/I, hints of a novel hybrid gene that encodes both an un-fragmented and a 5′-split-half together in one. The corresponding 3′-complement- gene is located elsewhere in other gene on the genome. This hybrid of the split and the un-fragmented in one suggests a deeper synergy between the two, and hints of co-evolution. Furthermore, in a subtle contrast to the widely held idea of conservation of 3'-half, it is precisely the 3′-half that varies in these tRNAs; the 5′-half remains conserved. A further analysis also identified hybrid tRNA genes in an archaeal lineage highlighting the considerable diversity and wide distribution of tRNA gene disruption among organisms. While BHB motifs and the tRNA-intron splicing system must have been a prerequisite for the development of hybrid tRNA genes ( [@ref33] ), their detailed mechanisms and physiological relevance remain unclear. Interestingly, split tRNAs and intron-containing tRNAs have common BHB con¬sensus motifs at the boundaries, and hence require the same endonuclease. RNaseP ( [@ref34] ) and tRNaseZ ( [@ref35] , [@ref36] ) generally recognize the top half of the L-shaped tertiary structure of a tRNA corresponding to the acceptor-stem and theT-Ψ-C-arm, and do not require the mature body of the tRNA. Therefore, these enzymes may also perform endonucleolytic cleavage of the intervening sequence. Although some endoribonucleases require the linear ends of substrates to function ( [@ref37] ), it is not known whether this condition holds for RNaseP and tRNaseZ.

As summarized in the model presented in the paper, maturation of hybrid pre-tRNAs probably starts with processing of the junction of the termini joined by the intervening sequence. The intervening sequence is then removed, possibly by RNaseP and tRNaseZ, which are universal endoribonucleases. Finally,the 3-terminal sequence is added to generate the functional acceptor- stem of the tRNA. Cleavage of the leader and trailer sequences at the junction of hybrid tRNAs is most likely performed by the tRNA- intron splicing machinery, because the sequences adjoining the processing sites potentially form a BHB motif, which is the dominant recognition element for archaeal tRNA-splicing endonucleases.

6. Conclusion {#sec1-6}
=============

The comprehensive identification of the complete set of tRNAs in a given organism is of great interest in biology. In general, bioinformatics approaches for predicting tRNA loci from whole genome sequences are based on machine learning and pattern recognition. Although these methods correctly identified a number of tRNAs but also led to a high failure rate. Current method approaches this problem by identifying tRNA specific structures and sequence features, such as cloverleaf structures and base-pairing frequencies. Such features are then applied to whole genome scan windows to predict the likelihood of a candidate locus being an authentic tRNA. The major drawback of this method is that, it is often too stringent to handle sequencing errors and natural variations in spliced products. Consequently it may produce high false negative rates and perform poorly on novel genomes. Secondly, many genomic sequences resemble tRNA cloverleaf structures, and additional information is required to eliminate such false positives. Considering these shortcomings in our present approach, we performed a comprehensive search of missing tRNA genes in the archaeal genomes of *M. sedula DSM 5348, D. kamchatkensis 1221n* and *I. hospitalis KIN4/I* by our bioinformatics tool. On the basis of the results presented in this paper, we concluded that the essential regions (5' half and 3' half) identified by our algorithm from different tDNAs constructed tRNA *de novo* which we called hybrid tRNA genes. These hybrid tRNA genes were actively involved to transport different amino acid to the ribosome for protein production. Our study of hybrid tRNA genes will provide a new molecular basis for upcoming tRNA studies. Asymmetric combination of 5' and 3' tRNA halves may have generated the diversity of tRNA molecules.
